INTRODUCTION

S
QUAMOUS CELL CARCINOMA is a common histological type in head and neck cancer, cervical carcinoma, certain lung cancers, and various forms of cancer in the skin. Medical treatment of this type of cancer in the metastatic setting with standard or investigational cytotoxic drugs yields poor treatment results, and improved pharmacological treatment principles are urgently needed. 1 Although most screening efforts for identification of new drug candidates is directed toward known or emerging molecular targets, there is a growing interest in screening based on compound-induced changes in cellular phenotypes using large and chemically diverse compound libraries. 2, 3 A novel and complementary approach for cell phenotype-based screening using small organic drug molecules was recently introduced by Stockwell and coworkers. 4 The method was based on highthroughput screening (HTS) of a mechanistically annotated compound library denoted ACL. 4 The ACL library contained 2036 compounds with diverse and experimentally validated biological mechanisms. This approach was capable of not only identifying novel lead compounds with cancer phenotype selectivity but also generated testable hypotheses regarding the underlying biological mechanism. 4, 5 The development of novel molecular technologies such as cDNA microarrays has made it possible to integrate gene expression and drug activity data in cell lines to identify relationships between individual genes and sensitivity or resistance to specific drugs. 6, 7 We have recently successfully implemented a similar approach using a cell line panel consisting of pairs of sensitive and resistant human tumor cell lines. phenotype were interrogated for carcinoma selectivity in response to 1267 compounds with known and annotated mechanisms of action. In parallel, the cell lines were also profiled for gene expression, and the results were compared with a broad panel of additional cell lines. The cell line panel represented a variety of both solid tumors and leukemias and included several drugresistant sublines. A pathway analysis software was finally used to generate a molecular network based on Medline abstracts associated with the HeLa selective hit compounds. The cyclic adenosine monophosphate (cAMP)-protein kinase A (pkA) pathway in general and phosphodiesterase (PDE) inhibition in particular were identified as putative targets for inducing selective tumor cell apoptosis in this model.
MATERIALS AND METHODS
Cell culture
The cell lines used in this study were HeLa (squamous cell carcinoma) and hTERT-RPE (normal epithelial cell line), which were obtained from American Type Culture Collection and Clontech (Palo Alto, CA), respectively. The remaining cell line panel used has been described in detail previously 9, 10 and consists of the parental cell lines RPMI 8226 (myeloma), CCRF-CEM (leukemia), NCI-H69 (small-cell lung cancer), U-937 GTB (lymphoma), ACHN (renal cell carcinoma), and the drug-resistant sublines 8226/Dox40, 8226/Dox6, 8226/ LR5, 8226/CHS, CEM/VM-1, U-937 VCR, U-937 CHS, and H69AR. The sublines 8226/Dox40 and 8226/Dox6 were exposed to 0.24 and 0.06 µg/ml, respectively, of doxorubicin once a month and overexpresses Pgp/MDR1/ABCB1. 11 The 8226/LR5 subline was exposed to 1.53 µg/ml of melphalan at each change of medium, and the resistance is proposed to be associated with increased levels of glutathione as well as genes involved in cell cycle and DNA repair.
12-14 U937 VCR was continuously cultured in the presence of 10 ng/ml vincristine, and the resistance is proposed to be tubulin associated.
15 H69AR was alternately fed with drug-free medium and medium containing 0.46 µg/ml of doxorubicin and overexpresses MRP1/ ABCC1. [16] [17] [18] CEM/VM-1 was cultured in drug-free medium and could be grown for 3 to 4 months without loss of resistance against teniposide, which is proposed to be associated with topoisomerase II.
19-21 U-937 CHS and RPMI 8226/CHS were selected for resistance to cyanoguanidine CHS 828 and were cultured at concentrations of 0.1 and 0.5 µM, respectively. The resistant phenotypes were stable for more than 3 mo. 10 HeLa cells were cultured in Eagle minimal essential medium supplemented with 100 mM sodium pyruvate and hTERT-RPE in modified Eagles medium nutrient mixture F-12 Ham. Both cell cultures were supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 100 µg/ml streptomycin, and 100 U/ml penicillin (all from Sigma Aldrich Co., St Louis, MO) at 37° C in humidified air containing 5% CO 2 . The remaining cell lines cells were grown in culture medium RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 100 µg/ml streptomycin, and 100 U/ml penicillin (Sigma) under the same conditions. The resistant cell lines were tested regularly for maintained resistance to the selected drugs. Growth and morphology of all cell lines were monitored on a weekly basis.
Preparation of compounds
The LOPAC library (Sigma-Aldrich) consists of 1267 pharmacologically active compounds in 56 pharmacological classes ( Table 1) . A full description of the contents of the LOPAC library can be obtained online from the Web site http://www. medsci.uu.se/klinfarm/pharmacology/supplement.htm.
The library comes in 16 racks each containing 80 drugs dissolved in DMSO to 10 mM. The drugs were transferred to 96-well plates and were further diluted with phosphate-buffered saline (PBS) to obtain stock solutions of 100 µM from which 4 different 384-well plates for screening were prepared with final concentrations of 10 µM. The final DMSO concentrations did not exceed 1% in any of the experiments performed. In all steps, the Biomek 2000 pipetting station connected to a plate stacker carousel (Beckman Coulter Inc., Fullerton, CA) in a safety cabinet (Bigneat Inc., Hampshire, UK) was used. Doseresponse plates containing the PDE inhibitors quazinone, zardaverine, and imazodan were prepared in concentrations 0.01 to 100 µM using the same robotic system. All drugs were from Sigma-Aldrich, and the plates were stored at -70° C until further use.
Fluorometric microculture cytotoxicity assay
The fluorometric microculture cytotoxicity assay (FMCA), described in detail previously, 9 is based on measurement of fluorescence generated from hydrolysis of fluorescein diacetate to fluorescein by cells with intact plasma membranes. Cells were seeded in the drug-prepared 384-well plates using the pipetting robot Precision 2000 (Bio-Tek Instruments Inc., Winooski, VT). The number of cells per well were 2500 to 5000. Two columns without drugs served as controls, and 1 column with medium only served as a blank. The plates were incubated for 72 h and then transferred to an integrated HTS SAIGAN Core System consisting of an ORCA robot (Beckman Coulter) with CO 2 incubator (Cytomat 2C; Kendro, Sollentuna, Sweden), dispenser module (Multidrop 384; Titertek, Huntsville, AL), washer module (ELx 405; Bio-Tek Instruments Inc.), delidding station, plate hotels, barcode reader (Beckman Coulter), liquid handler (Biomek 2000; Beckman Coulter), and a multipurpose reader (FLUOstar Optima; BMG Labtech GmbH, Offenburg, Germany) for automated FMCA. Quality criteria for a successful assay included a mean coefficient of variation (CV) of less than 30% in the control and a fluorescence signal in control wells of more than 5 times the blank. In the present study, the mean CV in the untreated control wells was 13.0%. The mean Z′ value was 59, and the mean signal-to-background ratio was 102.
Multiparametric high-content screening assays
To study the cell death characteristics of the PDE inhibitors, a multiparametric high-content screening (HCS) assay was used (HitKit™; Cellomics Inc., Pittsburgh, PA) in addition to an HCS assay for measurement of apoptosis, which has been described in detail previously. 22 The cells (1500 cells/well) were seeded into flat-bottomed 96-well plates (PerkinElmer Inc., Wellesley, MA) and were left to attach before addition of drugs. For the cytotoxicity assay, the cytotoxicity HitKit™ reagents (Cellomics Inc.) was used according to the manufacturer's instructions. The multiparameter cytotoxicity HitKit™ contains a nuclear dye, a cell permeability dye, and a lysosomal mass/pH indicator. In the apoptosis assay, FAM-DEVD-FMK (part of the CaspaTag Kit; Chemicon, Temecula, CA) at a final concentration of 20 µM was added 1 h before the end of the drug exposure to stain activated caspase-3 and partly caspase-7. The staining solution was removed, and the plates were washed twice with PBS followed by a 30-min fixation in 3.7% formaldehyde and nuclear staining with10 µM Hoechst 33342 (Sigma). Plates were then washed twice. The plates were centrifuged before each aspiration to avoid loss of cells detached due to toxic stimuli. Processed plates were kept at +4º C for up to 24 h before analysis. Plates were analyzed using the ArrayScan™ HCS software (Cellomics Inc.). The system is a computerized, automated fluorescence-imaging microscope that automatically identifies stained cells and reports the intensity and distribution of fluorescence in individual cells. Images were acquired for each fluorescence channel, using suitable filters with 20× objective. In each well, at least 800 cells were analyzed. Images and data were stored in a Microsoft SQL database for easy retrieval.
Data analysis
Small Laboratory Information and Management System (SLIMS) 5 was used for data management and analysis. Raw fluorescence data files were loaded into the SLIMS software, which calculates the percentage inhibition according to the following formula: percentage inhibition = 100 × (x -negative control/positive control -negative control) -1, where x denotes fluorescence from experimental wells. Greater than or equal to 50% inhibition in HeLa but not in hTERT-RPE was set as the criterion for qualifying as a hit compound. IC 50 values (concentration causing 50% inhibition v. untreated control) for zardaverine, imazodan, and quazinone were calculated based on serial dilutions (0.01 to 100 µM). Structural similarity of LOPAC compounds was calculated based on a structural fingerprint consisting of binary vectors representing structures located within the compound and that are automatically computed for each compound loaded into the program. This information was used to create self-organizing maps mapping the structural space of the compound library using default settings in SLIMS.
5
RNA extraction
Total RNA was extracted from each cell line starting from 10 7 cells, using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The purity of the RNA was ensured by measuring the optical density at 260 and 280 nm. The integrity of the RNA was controlled by capillary electrophoresis using a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). Only pure RNA (OD 260/280 >1.8) without any sign of degradation was used in the subsequent experiments.
Microarray expression analysis
RNA samples were processed and used for CodeLink™ Bioarray (GE Healthcare, Piscataway, NJ) hybridization as previously described. 23 For each CodeLink™ Bioarray, doublestranded cDNA and subsequent cRNA was synthesized from 2 µg of total RNA from each cell line using the CodeLink™ Expression Assay Kit (GE Healthcare) according to the manufacturer's instructions. In brief, biotin 11-UTP (PerkinElmer) was used in the in vitro transcription. The double-stranded cDNA was purified with the use of a QIAquick purification kit (Qiagen, Hilden, Germany). The labeled cRNA was purified using an RNeasy mini kit (Qiagen). Expression arrays used were CodeLink™ UniSet Human 20K Bioarray (GE Healthcare) containing a collection of 20,289 target probes. Bioarrays were stained with Cy5 streptavadin (GE Healthcare) and scanned using a GenePix 4000B scanner (Axon Instruments, Union City, CA). Scanned image files were analyzed with the use of CodeLink™ image and data analysis version 4.0 software (GE Healthcare), which produced both raw and median normalized hybridization signal intensities for each spot on the arrays. Normalized and background subtracted signal intensities were used in this study.
Quantitative real-time PCR validation of microarray data
Reverse transcription of 2 µg total RNA was performed with the Omniscript RT kit (Qiagen) in a volume of 20 µl using random hexamers and RNaseOUT (Invitrogen, Carlsbad, CA) according to the protocol of the manufacturer. TaqMan primers and probes were ordered as assay on demand (Applied Biosystems, Foster City, California) for 18S rRNA (product 4319413E), PDE3A (assay ID Hs01012698_m1), and PDE2A (assay ID Hs00159935_m1). Amplifications were performed in 25-µl reactions using TaqMan Universal PCR MasterMix (Applied Biosystems). All PCR reactions were performed in triplicate on the ABI PRISM 7000 Sequence Detector (Applied Biosystems) with the following thermo cycling conditions: 10 min at 95° C, followed by 40 cycles of 15 s at 95° C and 1 min at 60° C. The data were analyzed and converted into threshold cycle (C t ) values with the use of the ABI Prism 7000 software system (Applied Biosystems). The C t values were then translated into relative cDNA copy numbers by comparison to serial dilutions. The individual expression levels were normalized to the expression of 18S rRNA for each sample.
Identification of molecular pathways
PathwayAssist is a software for visualization and exploration of biological pathways, gene regulation networks, and protein-protein interactions. PathwayAssist is supplied with ResNet molecular interaction and pathway database, which contains more than 500,000 functional links for more than 50,000 proteins, extracted from more than 5,000,000 Medline abstracts and full-length articles (ResNet update Q3 2005).
PathwayAssist v3.0 (www.ariadnegenomics.com) was used to extract a list of proteins and small molecules retrieved from Medline abstract titles, associated with the hit compound names. The list was manually curated to remove obvious artifacts generated by the automatic text mining. All molecules with 2 or more occurrences in the list were used in the subsequent pathway analysis. The complete list can be found in supplementary information at the Web site http://www.medsci.uu.se/klinfarm/ pharmacology/supplement.htm. PathwayAssist was then used in 2 steps to explore the interactions between the molecules in the list. In the 1st step, the ResNet database was searched to establish direct interactions between the molecules occurring more than twice in the list, and in the 2nd step, the interacting molecules were searched for linkage to apoptosis.
RESULTS
Screening for cytotoxic activity using an annotated compound library
The HeLa and hTERT-RPE cell lines were tested for cytotoxic/antiproliferative activity in response to 1267 annotated compounds at 10 µM representing 56 pharmacological classes ( Table 1) . For the HeLa cell line, 37 of these drugs showed more than 50% inhibition (Fig. 1) , whereas the corresponding number of drugs for hTERT-RPE was 34. Of these compounds, 14 drugs caused greater than or equal to 50% inhibition in HeLa and less than 50% inhibition in hTERT-RPE cells (Fig. 1) . These compounds, as detailed in Table 2 , represented different mechanistic classes, and notably, there were 6 annotated as PDE inhibitors. A self-organizing map was generated by mapping the structural space of the compound library (Fig. 2) , and the PDE inhibitors tended to span this representation of chemical descriptor space, suggesting mechanistic rather than chemical similarity as the common denominator for these drugs.
The 2 cell lines were also retested in response to the library at 1 µM, and the PDE class of compounds remained more active against the HeLa cell line than hTERT cells did (not shown). Subsequently, we tested the LOPAC library at 1 and 10 µM for an additional panel of cell lines. None of the cell lines demonstrated PDE inhibitor sensitivity comparable to HeLa cells (Figs. 3A, B) . Concentration-response analysis for the 3 most active PDE inhibitors, zardaverine, imazodan, and quazinone, confirmed the selective drug activity in HeLa cells (Fig. 3C) .
The IC 50 values in HeLa and hTERT, respectively, were zardaverine, <0.01 µM and >100 µM; imazodan, 10 µM and >100 µM; and quazinone, 0.06 µM and >100 µM.
Microarray-based analysis of PDE mRNA expression
To elucidate the molecular basis for the PDE inhibitor hypersensitivity, microarray expression data were generated for all cell lines without drug exposure. Relative expression of all PDEs represented on the Codelink™ arrays are shown in Figure 4A for all cell lines. Significantly higher expression of PDE2A and PDE3A mRNA was observed in the HeLa cell compared to the other cell lines (Figs. 4B, C) , suggesting a molecular correlate for the differential PDE inhibitor sensitivity. The increased PDE expression was subsequently verified (correlation coefficient r 2 > 0.9) using quantitative real-time PCR (Figs. 4B, C) .
Mechanistic evaluation using multiparameter analysis
Next, we profiled the 3 most active PDE inhibitors with respect to mechanism of action using multiparameter analysis with ArrayScan II (Fig. 5) . The activity of zardaverine on growth and viability were delayed in time with little or no effect observable at 24 h (Figs. 5A, B) . At 48 to 72 h, there was a gradual decrease in cell density and a parallel increase in caspase-3 activity and DNA fragmentation (Figs. 5C-F) . The increase in DNA fragmentation and caspase activation preceded the increase in cell membrane permeability, which is compatible with classical apoptosis (Figs. 5B, E-F) . Similar effects were obtained for imazodan and quazinone, which are summarized in bar graphs for data obtained at 10 µM for both drugs (Figs.  5G, H) . The dissimilarity in cytotoxic effect after exposure of 0.01 µM zardaverine measured with ArrayScan and FMCA may be explained by different experimental settings (96-v. 384-well format, cell densities and/or assay end points used).
Pathway analysis
To further explore possible mechanisms, the pathway analysis software PathwayAssist was used to extract a list, retrieved from PubMed abstract titles, of proteins and small molecules associated with the hit compound names. Molecules with 2 or more occurrences in the list are shown in Table 3 . PathwayAssist was then used to explore the interactions between the molecules in the list and their relation to apoptosis (Fig. 6) . The resulting network consisted of major parts of the cAMP-pKA pathway and linking to other signaling molecules such as ERK, P38, and AKT.
DISCUSSION
In the present study, we have taken advantage of an annotated compound library to probe for phenotype selective activity for squamous carcinoma HeLa cells. There was a striking enrichment of PDE inhibitors among the HeLa selective hit compounds. PDEs, which hydrolyze the intracellular 2nd-messenger cAMP and cyclic guanosine monophosphate (cGMP) to their corresponding monophosphates, play an important role in signal transduction and are involved in different cellular processes including cell differentiation and apoptosis. 24, 25 There are at least 11 PDE families, and cAMP is hydrolyzed specifically by PDE2, PDE3, PDE4, and PDE8, whereas cGMP is hydrolyzed preferentially by PDE5 and PDE6. 24, 25 Intracellular concentrations of the cyclic nucleotides are regulated by the balance between adenylate cyclase/guanylate cyclase activity and the corresponding PDE activity. The effect of increased concentrations of cAMP or cGMP is in many cases mediated by pkA and B (pkG)-activated pathways, respectively. 25 PDE inhibitors targeting the cGMP-pkG pathway have previously been identified as a potentially useful class of anticancer agents. 26 Exisulind, a derivative of the nonsteroidal anti-inflammatory drug sulindac as well as other PDE5 inhibitors, has been shown to induce apoptosis and growth inhibition in a variety of epithelial tumor cell types via cGMPselective PDE inhibition, and the former drug is also under active clinical development for cancer treatment. 26 The active PDE inhibitors of the present study also induced delayed cell death with morphological and biochemical hallmarks of apoptosis. However, in contrast, cAMP-specific PDEs rather than cGMP-specific isoforms produced this effect. PDE4, a cAMP-specific isoform, has been shown to induce apoptosis in lymphoid cells but is not proapoptotic in most epithelial-derived tumor cells. 27, 28 In the presently used HeLa model, on the other hand, PDE2 and PDE3 in addition to PDE4 inhibitors were found to be potent inducers of apoptosis. Indeed, the PDE2 and PDE3 genes were clearly overexpressed in HeLa cells and indicate the potential importance for this cell type to control cAMP levels by these enzymes to preserve structural integrity and the ability to maintain cell survival and proliferation.
Mechanism-Based Screening in Squamous Cell
When enriched mechanisms among the hit compounds were retrieved from the literature by PathwayAssist, many of these were related to the cAMP-pkA pathway. In addition, other signaling molecules including nitric oxide (NO), Ca 2+ , ERK, and P38 could also be linked to the hit compounds. Inducible nitric oxide (iNOS) is a gene controlled by the cAMP-pkA signaling machinery, and iNOS-generated NO has been implicated in various cellular processes including cell proliferation and cell death. 29 PDE inhibitors can influence iNOS activation, and the modulation ranges from strong suppression to marked enhancement of NO release depending on cell type. 29 The interaction between calcium and cAMP pathways is highly complex and can occur at multiple levels of the 2 signaling pathways, and the extent and linking of pathway crosstalk differ widely depending on cell type. 30 However, in many nonexcitable cells, cAMP has been shown to inhibit release of calcium from intracellular stores and to stimulate calcium efflux. 30 The increased PDE3 and PDE expression may thus help, not only in controlling cellular levels of cAMP but also indirectly in preventing potentially proapoptotic levels of calcium to be reached. The cAMP-pkA system may also regulate mitogen-activated protein kinase signaling. [31] [32] [33] [34] The cAMPpkA-mediated activation of both ERK and p38 has been reported to lead to inhibition of cell growth and induction of apoptosis. [30] [31] [32] 34 The molecular network obtained here thus provides a comprehensive framework of testable hypotheses for the induction of cell death in cAMP-dependent tumor types.
Whether the increased PDE sensitivity of the HeLa model is a general phenomenon for malignant tumors derived from squamous epithelium is not clear. However, in a model of squamous cell head and neck cancer (KB cell line), PDE3 activity was detected, and a PDE3-specific inhibitor could inhibit cell growth. 35 Moreover, when normal keratinocytes were compared to their malignant counterparts, the latter overexpressed PDE, and PDE inhibition induced apoptosis selectively in these cells, supporting a role for cAMP-pkA pathway as an important regulator for growth and viability in squamous epithelial cancer. 36 Thus, PDE inhibition might be a worthwhile target to exploit in drug development for treatment of squamous cell carcinoma.
Genomics-based target identification and screening using cell-free systems is currently the dominating principle in anticancer drug development. As a complement to these approaches, the use of annotated compound libraries in phenotype-based screening may provide some distinct advantages. Because annotated libraries represent a large-scale collection of compounds with diverse and experimentally validated biological mechanisms, the approach is capable of identifying compounds selectively affecting specific cellular phenotypes using different Protein 2 MAPK = mitogen-activated protein kinase; ATP = adenosine triphosphate; cAMP = cyclic adenosine monophosphate; eNOS = endothelial nitric oxide synthase; NADPH = nicotinamide adenosine dinucleotide phosphate; PKC = protein kinase C; TGF = transforming growth factor. Each hit compound was searched for association to small molecules, proteins, or functional classes in PubMed abstract titles. The classification into groups was automatically performed by the software.
model systems and assays as well as generating hypotheses regarding the underlying biological mechanism. Information on enriched biological mechanisms among the hit compounds can also be retrieved by automated online Medline text-mining software, as demonstrated in the present study, and this can also to some extent be performed within the SLIMS package using a downloaded version of Medline. 5 Furthermore, for many drugs, pharmacodynamic and safety information in humans already exists, making the road to clinical proof of concept testing considerably shorter.
In conclusion, in the HeLa model of squamous cell carcinoma, the cAMP-pkA pathway in general and PDE inhibition in particular were identified as drugable targets for inducing selective tumor cell apoptosis. Identification of phenotypic selectivity of drug action using annotated compound libraries may provide both new mechanistic insights in drug resistance and a basis for new therapeutic approaches for drug-resistant malignancies.
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